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a b s t r a c t
Fatigue crack growth tests of three ferrite–pearlite steels with different size and spacing of pearlite
particles, which were uniformly distributed in the ferrite matrix, were carried out to investigate the
effect of microstructure on fatigue crack growth behavior in the Paris regime. The fatigue crack growth
rates for the three materials did not coincide with each other, even when the crack growth curves were
arranged by the effective stress intensity factor range. From in situ observations, crack tip stress shieldingeywords:
atigue crack growth
rack tip stress shielding
nterlocking
rack closure
phenomena, such as interlocking and branching, were found on the crack wake, which enhanced fatigue
crack growth resistance. A small size and spacing of pearlite particle seemed to induce small but frequent
crack deﬂections, which resulted in crack closure phenomena. On the other hand, the large size of the
pearlite particle seemed to induce stress shielding phenomena and, thus, contribute to high crack growth
resistance, whichwas themain reason for the higher fatigue crack growth resistance of the large size and
les coearlite particle
errite–pearlite
spacing of pearlite partic
. Introduction
There is a large number of research regarding the effect of
icrostructureon fatigue crackgrowthbehavior in thenear thresh-
ld region [1–10], for example, large grains are known to contribute
o a high threshold value [3,11–13]. On the other hand, research
egarding the effect of microstructure on fatigue crack growth
ehavior in the so-called Paris regime have rarely been reported.
f the effect of microstructure on fatigue crack growth resis-
ance in the Paris regime could be made clear in detail, fatigue
rack growth resistance could be improved by controlling the
icrostructure. Although only limited information is available on
he detailed inﬂuence of microstructure on fatigue crack growth
esistance in the Paris regime, some important works on fatigue
rack growth behavior of two phase steels have been reported
5,7,14–24].
In previous research [5,10], fatigue crack growth tests of
errite–pearlite steels with three different pearlite phase mor-
hologies were carried out in the Paris regime to investigate the
ffect of pearlite morphology. The three different pearlite phase
orphologieswere uniformly distributed pearlite particles in a fer-
itematrix (Steel D), layered pearlite bands in a ferritematrix (Steel
) and a coarse networked pearlite phase with an encapsulated
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ferrite phase (Steel N). It was found that amicrostructure with uni-
formlydistributedpearliteparticles (SteelD) showedhigher fatigue
crack growth resistance compared to those with layered pearlite
bands (Steel B) and with a coarse networked pearlite phase (Steel
N). It was also found from the in situ observations and fracture
mechanics discussion that the crack path of Steel D was frequently
deﬂected on the micro scale due to distributed pearlite particles,
which induced interlocking between crack surfaces and, thus, crack
tip stress shielding. It was concluded that this signiﬁcant crack tip
stress shielding phenomena in Steel D contributed to the higher
fatigue crack growth resistance compared to the other microstruc-
tures. However, the optimal size and spacing of pearlite particle in
Steel D are still unclear. Once the detailed effects of pearlite particle
size and spacing on fatigue crack growth behavior and resistance
in microstructures with uniformly distributed pearlite particles in
a ferrite matrix is clariﬁed, fatigue crack growth resistance can be
improved.
In the present study, uniformly distributed pearlite particle
microstructure steels (steel D) with different spacing and size of
pearlite particles were prepared for further investigation of the
effect of pearlite particle size and spacing on fatigue crack growth
behavior in the Paris regime. K-constant fatigue crack growth
testswere carried out inside a scanning electronmicroscope cham-
ber equipped with a servo-hydraulic fatigue test machine. During
the tests, in situ crackpathobservationswere carriedout to identify
the crack tip stress shielding phenomena, such as interlocking and
crack branching. From the results, the inﬂuence of pearlite particle
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Table 1
Chemical composition of the steel used (mass%).
C Si Mn P S
0.22 0.32 1.08 0.003 0.001
Table 2
Microstructural characteristics of the three materials used.
FP1 FP2 FP3
Ferrite grain size (m) 50 10 65
Pearlite volume fraction (%) 50 50 30
Spacing of pearlite particle (m) 70 12 80
Size of pearlite particle (m) 70 5 50
Vickers hardness Ferrite (50g) 112 132 125
Vickers hardness Pearlite (50g) 201 205 214
Table 3
Mechanical properties of the three materials used.
FP1 FP2 FP3
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gYield strength (0.2%) (MPa) 236 310 224
Tensile strength (MPa) 475 492 486
Elongation (%) 38 38 37
pacingandsizeon fatigue crackgrowth resistancewasdetermined
n detail.
. Experimental procedures
.1. Materials
The material used in this study was a ferrite–pearlite steel
ith uniformly distributed pearlite particles in a ferrite matrix,
he chemical composition of which is shown in Table 1. Three
icrostructures with different size and spacing of pearlite particle
ere prepared from the same starting steel by thermo-mechanical
ontrol processing (Fig. 1). The microstructural characteristics and
echanical properties of the three materials are also shown in
ables 2 and 3, respectively, where the materials FP1 and FP2 have
he same pearlite volume fraction but different particle size and
pacing; FP2 has a ﬁnermicrostructure compared to FP1. Themate-
ials FP1 and FP3 have different volume fractions of the pearlite
hase but similar pearlite particle size; FP3 has a lower volume
raction of the pearlite phase compared to FP1.
.2. Fatigue crack growth test
Single edge cracked plate tension type specimens with a width
f 5mm and a thickness of 1.5mm were used for fatigue crack
rowth tests (Fig. 2). A notch with a width of 0.1mm and a
epth of 0.5mm was introduced by electric discharge machining
EDM) at the edge of the specimen as a starter for fatigue crack
rowth. Prior to the fatigue crack growth test, the specimen surface
Fig. 1. Microstructures of the three materials usedFig. 2. SECT specimen geometry for the fatigue crack growth test (units in mm).
was etched by a 3% nital solution for in situ crack path observa-
tion.
Fatigue tests were performed inside a scanning electron micro-
scope (SEM) chamber equipped with a servo-hydraulic testing
machine. The SEM was also equipped with video recording and
image processing systems, which were connected to a personal
computer. During the tests, in situ SEM observations of crack
growth behavior were carried out in detail. The tests were con-
ducted using a sinusoidal form of loading with a stress ratio of 0.1
and a frequency of 20Hz.
TheK-constant fatigue crack growth tests atK = 12MPa√m
in the Paris regime were carried out. The detailed test procedure is
as follows. Once a fatigue crack starts to propagate from a notch
under a constant stress amplitude, the test is continued until the
K value reaches the target K value of 12MPa
√
m. Then, the K
value is kept constant by reducing the load to less than 3% of the
previous load. At this stage, all photographs of the fatigue crack
path were taken at the maximum load.
Crack closure behavior was monitored by using the unloading
elastic compliance method [25] with a strain gauge attached in
front of the crack tip, as shown in Fig. 2. The effective stress inten-
sity factor range, Keff, was evaluated based on the crack closure
measurement as:
Keff = Kmax − Kcl (1)
where Kmax is the maximum stress intensity factor and K the stress
intensity factor at the crack closure stress. The crack growth rate
was determined from the crack length vs. number of cycles curves
by using the secant method (ASTM E647). The stress intensity fac-
tor, K, for the present specimen was calculated according to the
following equation [26]:
K = √aFI(˛), ˛ =
a
W
(2)
FI(˛) = 1.12 − 0.231˛ + 10.55˛2 − 21.72˛3 + 30.39˛4 (3)
(Light etching phase, ferrite; dark, pearlite).
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here  is the stress, a the crack length, W the width of the gauge
art of the specimen and FI is a geometrical correction factor.
. Results and discussion
.1. In situ observations of fatigue crack growth behavior
Fig. 3 shows the fatigue crack path for FP1 during the K-
onstant fatigue crack growth test. In the ﬁgure, the corresponding
atigue crack growth rates are also indicated. As seen from the
gure, the crack passed through the pearlite particles. Symbol A
ndicates a region with higher crack growth rates, where the crack
ropagates in aﬂatmanner, as shown inFig. 4(a).On theotherhand,
ymbol B indicates a region with lower crack growth rates, where
he crack propagates in a zigzag manner through a pearlite parti-
le, as shown in Fig. 4(b), which reveals the interlocking of crack
urfaces () and the branching of crack ().
Fig. 5 shows the fatigue crack path and crack growth rates for
P2. As seen from the ﬁgure, the crack seemed to frequently deﬂect
t pearlite particles and the variation of the growth rate was less
han that for FP1. Region A, with higher fatigue crack growth rates,
isplays a rather smooth ﬂat crack path, as shown in Fig. 6(a). On
he other hand, region B, with lower fatigue crack growth rates,
hows a tortuous crackpath,which results in crack tip stress shield-
ng phenomena, such as interlocking and branching, as shown in
ig. 6(b). However, the stress shielding phenomena of FP2 seemed
o be insigniﬁcant compared to that of FP1.
Fig. 7 shows the fatigue crack path and crack growth rates for
P3. As seen from the ﬁgure, larger crack deﬂectionswere observed
ompared to FP2. Thehigher crack growth rate region, regionA, dis-
lays a ﬂat crack path, while the lower crack growth rate region,
egion B, displays a tortuous crack path with interlocking and
ranching, as shown in Fig. 8(a) and (b), respectively.
Fig. 4. Crack path at higher magniﬁcation for FP1: (a) crack pathFig. 5. Crack path and crack growth rates for FP2.
Based on these in situ crack path observations, it seemed that
crack tip stress shielding phenomena, such as interlocking and
branching, were more signiﬁcant and more frequently observed
in FP1, while they were observed less frequently in FP3 and even
less in FP2. Both interlocking and branching contribute to the
stress shielding effect. However, the quantitative inﬂuence of these
phenomena has not yet been clariﬁed. In the present study, the
combined total contribution to the stress shielding effect without
any distinction of each individual inﬂuence, is considered.
3.2. Effect of crack closure phenomena
Fig. 9 shows a comparison of the average crack growth rates of
FP1, FP2 and FP3. As seen from the ﬁgure, the fatigue crack growth
resistance of FP1 was the highest, whereas that of FP3 was the
lowest.
The ﬁrst step towards understanding the reason for the differ-
ence in fatigue crack growth resistance of the threemicrostructures
was an investigation of the effect of crack closure. From the crack
closure loadmeasurements using the unloading elastic compliance
method, the relationships between fatigue crack growth rate and
the crack opening ratio for the threematerials are shown in Fig. 10,
where the crack opening ratio is given as:
U = Kmax − Kcl
Kmax − Kmin
= Keff
K
(4)
As seen in theﬁgure, crack closurewasmuchmore signiﬁcant inFP1
and FP2 and less signiﬁcant in FP3. The fatigue crack growth curves
for the three materials were arranged by using Keff, as shown in
Fig. 11. It was found from this ﬁgure that the (da/dN)−Keff curves
for FP1, FP2 and FP3 did not coincide with each other.
This suggests that some mechanisms other than crack closure
inﬂuence fatigue crack growth resistance. Korda et al. [5] clearly
determined that crack tip stress shielding due to interlocking and
at A and (b) crack path at B. (: branching; : interlocking)
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Fig. 6. Crack path at higher magniﬁcation for FP2: (a) crack path at A and (b) crack path at B. (: branching; : interlocking)
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wFig. 7. Crack path and crack growth rates for FP3.
rack branching was the corresponding mechanism. As shown in
igs. 4, 6 and 8, interlocking and crack branching elements were
ften observed on the crack wake for all three materials, FP1, FP2
nd FP3.
.3. Effect of crack tip stress shielding
To investigate the effect of crack tip stress shielding on fatigue
rack growth resistance, the effective crack tip stress intensity
actor range, Keff,tip(=Ktip −Kcl), was evaluated according to the
ethod indicated in previous papers [5,10], where both crack
losure and crack tip stress shielding effects were taken into con-
ideration, as seen in Fig. 12.
From the results, the fatigue crack growth curves for FP1, FP2
nd FP3 were rearranged by using Keff,tip, as shown in Fig. 11.
he resultant fatigue crack growth curves for the three materials
ere merged into one curve, which suggested that Keff,tip would
Fig. 8. Crack path at higher magniﬁcation for FP3: (a) crack pathFig. 9. Comparison of crack growth rates for the three materials investigated.
be the intrinsic controlling fracture mechanics parameter for the
materials with crack tip stress shielding phenomena during fatigue
crack growth. At the same time, it was found that the effect of crack
tip stress shielding was the most signiﬁcant in FP1 with the largest
pearlite particles.
3.4. Effects of pearlite particle size and spacing
From the foregoing results, a comparison of the three materials
in terms of interlocking/branching, crack deﬂection, crack closure
and stress shielding phenomena is summarized in Table 4. As seen
from the table, FP2 showed signiﬁcant crack closure, where the
degree of crack deﬂection was small but was frequently observed
compared to the other two materials. These small but frequent
crack deﬂections resulted from small particle size and spacing.
Therefore, the frequent crack deﬂectionmight be the reason for the
signiﬁcant crack closure in FP2. FP1 also showed signiﬁcant crack
closure. The crack path in the pearlite particle in FP1 seemed more
tortuous compared to that in FP3, as seen in Fig. 4(b) and Fig. 8(b).
The crackspassed through the largepearliteparticles in FP1andFP3
and the most signiﬁcant crack tip stress shielding effect was found
in FP1, where interlocking of crack surfaces and crack branching
at A and (b) crack path at B. (: branching; : interlocking)
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Fig. 10. Relationship between crack growth rate and crack opening ratio.
Fig. 11. Relationships between crack growth rate, da/dN and stress intensity factor
ranges Keff and Keff,tip .
Table 4
FCG behavior of the three materials.
Particle spacing Particle size Crack deﬂection
FP1 Medium (70m) Large (70m) Medium
FP2 Small (12m) Small (5m) Small/frequent
FP3 Large (80m) Medium (50m) Large
Table 5
Estimation of shielding stress intensity factor, Ks.
FP
Keff at 10−9 m/cycle 6.
Keff,tip at 10−9 m/cycle 4.
Ks (=Keff −Keff,tip) 2.
Cumulative pearlite phase fraction per length of 140m 70
Ratio of the fraction 1
Estimate of Ks value by using pearlite phase fraction ratio 2.Fig. 12. Deﬁnition of the crack tip effective stress intensity factor range Keff,tip .
were more often observed compared to the other two materials.
The frequent interlocking and crack branching is the reason for the
signiﬁcant crack tip stress shielding effect.
Although FP3 indicated similar crack growth behavior to FP1, it
showed less crack tip stress shielding and lower crack growth resis-
tance compared to FP1. The volume fraction of pearlite in FP3 was
low compared to FP1 and the size and spacing of pearlite particle in
FP3 were smaller and larger compared to FP1, respectively. These
microstructural differences may be the reason for the difference in
the stress shielding effect between FP1 and FP3.
The cyclic plastic zone size at K = 12MPa√m is of the order of
150m (100–190m) for the present materials. The pearlite par-
ticle size of FP2 seems to be small enough compared to the plastic
zone size for the crack to deﬂect at the particles. On the other hand,
the pearlite particle sizes of FP1 and FP3 seem to be large enough
compared to theplastic zone size, so the cracks tend topass through
the particles more than deﬂect at the particle.
Fromthe foregoingdiscussion, assuming that the crack tip stress
shielding effect is proportional to pearlite particle size, the shield-
ing stress intensity factor, Ks, can be estimated as follows. From
Fig. 11, the values ofKeff andKeff,tip at 10−9 m/cycle for the three
materials are listed in Table 5. Experimental values of the shield-
ing stress intensity factor, Ks (=Keff −Keff,tip), are also indicated
in the table. Based on the average pearlite particle size and spac-
ing shown in Table 2, the length of the pearlite phase per length
of 140m were calculated and, are indicated in Table 5. The ratios
of pearlite phase length normalized by the pearlite phase length of
FP1 are also shown in the table. Using these ratios, the Ks values of
FP2 and FP3 which are listed in Table 5 were estimated. As seen in
the table, the estimatedKs value of FP3was in good agreementwith
Closure Interlocking/branching Stress shielding
More More More
More Less Less
Less Medium Medium
1 FP2 FP3
5 5.2 6.0
1 4.1 4.1
4 1.1 1.9
40 55
0.57 0.79
4 1.4 1.9
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he experimental Ks value, while the estimated Ks value of FP2 was
igher than the experimental value. This lower Ks value resulted
rom the deﬂection of the crack path at pearlite particles.
Fromthe foregoingdiscussion, inmicrostructurewithuniformly
istributed pearlite particles in a ferrite matrix, a higher volume
raction of pearlite and larger pearlite particle size might be bene-
cial for enhancing crack tip stress shielding and, thus, fatigue crack
rowth resistance.
. Conclusions
From the results of (K-constant fatigue crack growth tests in the
aris regime, the roles of crack closure and crack tip stress shield-
ng on fatigue crack growth resistance for ferrite–pearlite steels
ithuniformlydistributedpearlite particleswere investigated. The
ffects of the spacing and size of pearlite particle on crack closure
nd crack tip stress shieldingwere also discussed based on detailed
n situ SEM observation of fatigue crack growth behavior. Themain
onclusions obtained are summarized as follows:
1) Even in theParis regime, fatigue crack growth rates for the three
materials with different pearlite particle sizes and spacings did
not coincide with each other. The material with large spacing
and size of pearlite particle showedhigher fatigue crack growth
resistance.
2) Small spacing and size of pearlite particles induced small but
frequent crack path deﬂection, which contributed to crack clo-
sure due to the roughness induced crack closure mechanism.
3) A higher volume fraction of pearlite and large size of pearlite
particle would be beneﬁcial for enhancing crack tip stress
shielding and, thus, fatigue crack growth resistance.
4) The fatigue crack growth curves for the three materials coin-
cided with each other when both crack closure and crack tip
stress shieldingwere taken into consideration,where the effec-
tive crack tip stress intensity factor range, Keff,tip, was the
parameter for controlling the fatigue crack growth rate.cknowledgements
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